BACKGROUND
Record linkage is the process of bringing together related records that have been compiled separately [1] . Many types of studies have been conducted that have used different methods and approaches to link medical records obtained from heterogeneous data sources. For example, the use of administrative data for research purposes has led to considerable interest in computerized methods for linking medical records [3] . Techniques for record linkage are also important because they help in expanding and correcting databases that may be used for studying various diseases such as AIDS or diabetes and a wide range of treatments and procedures [4] . These techniques have allowed researchers to study the long-term outcomes of exposure to hazards [5] . Epidemiologists have depended on record linkage to examine the effects of immunization on subsequent morbidity and mortality [3] .
Notwithstanding the potential informational value of record linkage, it may be a source of two kinds of error: homonym errors and synonym errors. Homonym errors occur when identifiers are too similar in distinct patients. Synonym errors occur when there is a failure to link multiple notifications of the same patients. Even starting with perfect data, these two types of error may be introduced when records from different systems are linked. The error rate may be compounded, however, if there are errors in the data to begin with. The majority of these pre-existing errors are related to data entry problems in the original data sources [6] .
METHODS
Our general research agenda is to develop methods to estimate error rates, both false positive and false negative, for methods of record linkage. Our specific objective in this study was to determine the false negative error rate associated with a particular method of record linkage in an ongoing calculation of breast cancer screening indicators. The method for which the false negative error rate was to be estimated was called the 'reference method'. We based our estimate of error on samples of records from two systems: the IDX Registration and Scheduling System and Medical Archival System (MARS) used in the Department of Radiology. The IDX system collects data from routine registration of patients coming to the hospital for inpatient or outpatient visits. The MARS system collects information about patients for routine X-ray, MRI or mammoError estimation in linking heterogeneous data sources
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There are many instances in an institution when there is a need to gather data from different departments. Record linkage is the technique used to bring together these separately compiled records into a useful format. Unfortunately, even with perfect data, error may be introduced when records from different sources are linked. We assume then, that at least for large-scale day-today operations, no data collection or repository produced by linking records from different sources should be declared error free. Thus, for quality assurance purposes, it will be useful to have methods that may be applied in day-to-day operations for estimating error produced by linking records. In this paper we describe our attempts to esti
INTRODUCTION
Information technology has been introduced in the US Healthcare System in a decentralized manner. Often, departments in an institution have taken the responsibility for organizing their own data. They have installed their own software and database systems to fulfil their short-term needs without realizing the full impact of this practice on the entire facility. For example, for a given patient there is an admission record, a discharge record, an outpatient record, laboratory data and a financial record. All these different pieces of data are captured at different sites with different databases and operating systems and are recorded by different people [1] . This situation becomes troublesome when there is a need to exchange and integrate data between departments [2] . Our goal in this project is to investigate methods for estimating the error associated with linking records from such heterogeneous sources.
grams. Our samples covered the period January 1996 to December 1999.
There were basic differences between the formats of the two data sets. The IDX file was in a comma-delimited text format with patient's last and middle name as one field and first name as a second field while MARS had patients' first, middle and last names in one field separated by commas. In spite of the fact that they were two different sections of the same institution, there was no common ID column. Neither Medical Record Numbers nor Social Security Numbers could be used to match records. Patient name and date of birth were the only two common fields for matching. For further analysis, the records were transferred into MSSQL7.0. Transact SQL (T-SQL) procedures were written to place a patient's first, last and middle names in separate columns and remove extra spaces and commas to format the files uniformly.
Our two-step approach was 1) to compare the results obtained with our reference method of record linkage with the results obtained with other methods; and then 2) to use the other methods as a way of estimating the false negative error rate of the reference method. Our reference method linked records from IDX and MARS by matching patient last name, first name and date of birth. The other methods we examined matched records on (a) last and first names; (b) last name and date of birth; (c) last, first and middle names; (d) last name, middle name and date of birth; and (e) last name, first name, middle name and date of birth.
Record linking can be 'all-or-none' or it can be 'probabilistic'. The linkage is 'all or none' if decisions are made that a pair of records either do or do not relate to the same person or event. Linkage is probabilistic if it is based on computed calculation of the probability that the records relate to the same person or event [1] .
We used the 'all-or-none' approach for each method.
The initial samples of records from IDX and MARS consisted of 42 201 and 36 434 records respectively. After removing male patients and duplicates from both data sets, there were 17 145 and 19 160 records in the IDX and MARS data sets respectively. Figure 1 shows a comparison of the results obtained by the reference method and methods (a)-(e). As shown in Figure 1 , our reference method (LFDob or last name, first name and date of birth) matched 3548 records. Method (a) (LF or last and first names) and method (b) (LDob or last name and date of birth) produced a higher number of matched records (4521 and 3625 respectively). Methods (a) and (b) produced supersets of the results of our reference method. They contained all the records from the reference method set as well as some extra records. The extra records included those patients with same last and first names but with different dates of births and last names. Method (c) (LFM or last name, first name, middle name), method (d) (LMDob or last name, middle name and date of birth), and method (e) (LFMDob or last name, first name, middle name and date of birth) all missed about 50% of the matches obtained with our reference method. Surprisingly, however, all these methods using middle names produced subsets of the results we obtained with our reference method.
RESULTS

Step1
Step 2
The second step of our study was to use methods (a)-(e) to estimate the false negative error rate of our reference method (LFDob or last name, first name and date of birth). Since, in Step 1, methods (c)-(e) produced results that were subsets of the results produced by the reference method, only methods (a) and (b) were used for estimating the false negative error rate associated with the reference method.
Using the reference method, there were 13 597 and 15 612 unmatched records from IDX and MARS respectively. These records were matched again with method (a) (LF or last and first names) and method (b) (LDob or last name and date of birth). The results are shown in Figure 2 .
Method (a) produced 497 matches. Upon manual inspection, we found 112 correct matches that had not been produced by the reference method. Most missed matches were due to misspellings. Some missed matches were due to Y2K problems in the data. Some dates of birth were recorded incorrectly, for example, '1-1-1913' was incorrectly recorded as '1-1-2013'. Method (b) produced 53 matches. After checking them manually, we found an additional 45 correct matches that were missed by the reference method because of errors in spelling first names.
Using methods (a) and (b), we determined that the reference method found only 3548 out of 3705 possible matches. Relative to the results of methods (a) and (b), the false negative error rate of the reference method was calculated to be approximately 4%.
DISCUSSION
This paper illustrates a record linkage project and an attempt to estimate the rate of errors associated with a particular method of linking.
Record linkage involves comparing records from two sources and matching them on the basis of user-determined criteria. In the context of decentralized control of data and record standards, there is a real potential for linkage errors due to data disparity. In addition, the potential for linkage errors due to data disparity may be compounded by prior data entry error. Thus, we take a conservative point of view and assume that at least for large-scale day-to-day operations, no data collection or repository produced by linking records from different sources should be considered error free. Since erroneous record matches may lead researchers and policy makers to faulty decisions, it is necessary to have methods for determining the errors associated with the method or methods of record linkage used.
Our specific example of a record linkage project was a project to calculate breast cancer screening indicators. We chose this as our demonstration example because it is one of our real ongoing, operational projects, and we felt this work could contribute to those operational concerns. We also chose it because it is at least of a scale that makes comprehensive manual review to determine the true linkage error rate somewhat problematic. Clearly, ongoing quality studies of a much larger scale are possible, and for those studies comprehensive manual review to determine error rates would be impossible. Whatever method of record linkage is used in such projects will have some associated positive rate of error. Since comprehensive manual review to determine errors and correct them will not be possible in such cases, some method of estimating error due to record linkage is necessary. However, any method for estimating the rate of error associated with a particular method of record linkage will itself be a method of record linkage. Thus, in general, estimating the rate of error associated with a particular method of record linkage must always be understood as an estimate relative to another method of record linkage, which itself will be characterized by some rate of error.
